The umbilical arteries of intact, in-situ placentas of one series of anesthetized rabbits were perfused with deoxygenated blood equilibrated with 10% or 20% acetylene and in another series with oxygenated blood without acetylene. The transfer of acetylene, and probably also of oxygen, were shown not to be limited by diffusion. Above the normal physiological rates of fetal placental flow, oxygen uptake in the fetal placental circulation did not increase appreciably with an increase in the rates of perfusion; below it, it decreased almost proportionally with a decrease in the rate of perfusion.
of the variables. The disadvantage that these may be hard to visualize is outweighed by the advantage that the number of necessary dimensionless combinations is always less than the number of original variables (1, 2) . Complete experimental investigation of the behavior of the system when represented by dimensionless variables is correspondingly, less laborious. A further advantage is found in the convenience with which theoretical models and empirical relations can be compared when expressed in nondimensional form.
Theory ASSUMPTIONS
The mathematical formulation of heat exchange between two moving fluids separated by a barrier is directly applicable to diffusional exchange, with minor modifications of the meaning assigned to the variables. Bowman et al. (3) summarized the behavior of heat exchangers of a great variety of flow patterns. Mathematical formulations of the theoretical behavior of idealized placentas have been published by Wilkin (4) , and by Bartels and Moll (5) . Bowman et al. (3) used three dimensionless parameters to illustrate their calculations, as did Bartels and Moll (5) . The assumptions made in the derivation of the differential equations of heat transfer are, according to Bowman et al. (3): 1. The overall heat transfer coefficient is constant throughout the exchanger. (The corresponding requirement in placentas is that the permeability constant is the same everywhere.) 2. The flow rates are constant. 3 . The specific heats of the fluids are constant. (The oxygen capacities are constant and the hemoglobin dissociation curves are linear.) 4. There is no condensation or boiling of the liquids (no gas bubbles present). 5. There is no heat loss from the exchanger (no exchange with spaces outside the placenta). For exchange through the placenta, Wilkin (4) required some additional assumptions:
6. There is no diffusion in the direction of the blood stream, either in the barrier or in the bloods. 7. There is no transport by fluid filtration across the barrier. Bartels and Moll (5) required the additional assumptions that:
8. Any subdivision of the placenta receives the same fraction of the maternal and fetal blood flows and has the same fraction of the total permeability. There are no shunts at the fetal side of the placenta. 9. The placenta does not metabolize the substance under consideration. These assumptions, except no. 3, are also implied in the calculation of the average gradient across the placenta by the Bohr integration (6) (7) (8) .
It is useful for further calculations to represent the assumption that the oxygen-hemoglobin dissociation curve is linear by the equation where C is the oxygen content of the blood in moles per milliliter; [O 2 ] is the concentration of oxygen in physical solution (moles per milliliter) and / is a number. The oxygen content of blood is also given by the relationship
where Hb is the hemoglobin content (grams per milliliter), H is the Hiiffner coefficient (moles of oxygen bound per gram of fully saturated hemoglobin) and Sat is the fractional saturation of hemoglobin; 
where [On]* is the concentration of oxygen in physical solution at which the hemoglobin is half saturated with oxygen. The number / is the ratio of content and concentration evaluated at half saturation. For substances that are 818 FABER, HART present in solution only and do not react with blood, / is equal to 1. This definition of / will be used in subsequent calculation.
CHOICE OF DIMENSIONLESS VARIABLES
According to Buckingham's rule (1) , the were chosen. A "transport fraction," T, is given by T = ( [ * ] * • -[ * ] " • ) / ( [ * ] * " -[ * ] " ) • (5) For oxygen, the definition of T will be:
To., = (Sat*" -Sat 1 
number of dimensionless variables to be used for a complete description usually equals the number of elementary variables minus the number of dimensions occurring among them. 1 In equations similar to those derived by Wilkin (4) and Barrels and Moll (5) , which are analogous to the equations used as a first approximation in the calculation of heat transfer in heat exchangers (3) ,]v4. Therefore, TV, could be defined for oxygen in the same way in which it is defined for the substance x. But the definition of 7V, as given for oxygen, eliminates the adverse effects on the accuracy of the calculation of very high oxygen pressures in the maternal blood. In the experiments to be described, in which fairly high maternal oxygen pressures were used, the arterial oxygen content exceeded the oxygen capacity of the blood by about 10%. This will be taken into account. In experiments in which animals are ventilated with room air, the percentage will be so small as to be negligible.
The choice of T is based on the consideration that the concentration of a substance in the maternal circulation diffusing from the maternal to the fetal blood cannot drop below the concentration in the fetal artery. The denominator of T represents the maximum possible reduction in concentration in the maternal flow, and the numerator the actual reduction. Thus, T equals the reduction in concentration in the maternal blood stream expressed as a fraction of the maximum possible reduction.
A "flow ratio," R, is denned by the relation R = fQ"if(^t (O<R). (7) R is determined by the rates of blood flow, the hemoglobin concentrations, and the half saturation pressures: it represents the ability of the fetal circulation to "carry away" divided by the ability of the maternal circulation to "deliver" at any given oxygen concentration. For substances that are present in physical solution only, R is the ratio of the fetal and maternal rates of blood flow.
CircmUiion Rtitmrcb, Vol. XIX, Octoitr 1966

DIFFUSIONAL PLACENTAL TRANSFER
819
One expects the third dimensionless variable to contain the placental permeability, p. The amount of oxygen diffusing across the placenta per unit time is equal to the placental permeability to oxygen, p, multiplied by the average oxygen gradient across the placental barrier, which will be represented by A [Oo] . The oxygen diffusing across the placenta per unit time is taken from the maternal blood stream, and therefore is equal to (C Ma -
Therefore, a third dimensionless variable, the "permeability variable," d, is defined by
The number d is the ratio of placental permeability and the rate of maternal flow for the substance under consideration. In those placentas in which A[C>2] can be evaluated by a modified Bohr integration (6) (7) (8) , d is by definition related to the Bohr integral.
There is a certain degree of freedom in the choice of dimensionless variables. Engineering practice (3) makes use of variables equivalent to T= ([x] Bartels and Moll (5) used T" as defined above, d" ~*pl (f*'Q F ), and R' = fQ u /(fQ") to illustrate the theoretical behavior of a number of ideal exchangers. They graphed T" versus d" at various values of fl'. This practice is adequate to depict the computed behavior of models, but not to depict experimental results, since usually in the latter case the value of d" is not known.
The choice of the set T, R, and d is somewhat arbitrary. From another complete set, one could calculate T, R, and d and vice versa. However, it is convenient to consider the maternal placental blood flow as the primary determinant of fetal life. Thus, a transport fraction was chosen as defined above by the fractional clearance of the maternal blood stream, the permeability variable as the placental permeability per unit maternal rate of flow, and the flow ratio as the ratio of fetal and maternal flows.
The variables T, R, and d can replace the variables that are contained in them: p, f, f M > Q F , Q u , Sat Ua , Sat 11 ", Sat Fa . A relationship between T, R, and d, whether derived theoretically or empirically, contains all the information regarding the behavior of the placenta as an organ of exchange that is contained in the corresponding relationships between the original variables. For graphical representation T and R will be plotted on ordinate and abscissa, and the appropriate value of d will be indicated, if known. These graphs will be referred to as T-R diagrams.
THE T-R DIAGRAM OF IDEAL EXCHANGERS
Four simple vascular structures were considered. Placentas with parallel fetal and maternal vessels are common in rodents. The ones in which the fetal and maternal flows are in opposite directions will be referred to as countercurrent placentas. These will be compared with exchangers in which the flows are in the same direction or concurrent. Exchangers in which the fetal blood is contained in vessels that are suspended in a well mixed pool of the maternal blood are called pool flow placentas; this may be the appropriate model of a human placenta. Since in many placentas, the vascular arrangement is almost random, the cross-current exchanger in which fetal and maternal vessels cross at right angles will also be considered. The appropriate transport equations for these exchangers, which can be found in the literature (3) (4) (5) 9) , have been converted into dimensionless form and plotted in Figure 1 . T was calculated at values of R between 0.2 and 6 and of d between 0.03 and 30.
The pool flow exchanger is very inefficient because fetal blood equilibrates against maternal venous blood. An even more inefficient exchanger is conceivable if one assumes a double pool flow exchanger in which both maternal and fetal compartments are thoroughly stirred and the diffusional gradient is that between maternal venous and fetal venous 
FIGURE 1
The T-R diagrams of four ideal exchangers. T = transport fraction; R = flow ratio; d = permeability variable.
blood. The T-R diagram of this hypothetical placenta showed that a double pool flow placenta is only a few percent less efficient than a pool flow placenta; its T-R diagram is therefore not shown inTigure 1. Figure 1 demonstrates that at values for the permeability variable d below 0.3, the graphs are nearly identical; apparently the anatomical arrangement, at least in these four simplified cases, becomes largely irrelevant if the placenta is very impermeable to the substance under consideration, d<0.3. Figure 1 further illustrates that values of d larger than 10 are almost without additional effect on the transport fraction T. In very permeable placentas a further increase in permeability does not increase transfer.
A comparison between the concurrent and pool flow T-R diagrams shows a nearly iden-tical behavior of these two types of exchangers in terms of diffusional effectiveness. A similar situation exists between the counterciuTent and the cross-current diagrams. Thus, anatomical information is needed to discriminate between two functionally similar types of placentas.
INTERPRETATION OF THE T-R DIAGRAMS
The rate of oxygen transfer from mother to fetus, 0 2 , in moles per second is given by: 
The rate of oxygen transfer is proportional to the difference between maternal arterial 
Methods
Experimental perfusion of the fetal side of the placenta allowed adjustment of the fetal rate of blood flow, adjustment of the gaseous composition of fetal arterial blood, and monitoring of oxygen tension and acetylene concentrations in fetal placental inflow and outflow. The fetus was removed from the placenta, which remained in situ, and the fetal half of the placenta was perfused with blood pumped from a disc tonometer in which it was equilibrated against a gas of known composition. Oxygen uptake and acetylene loss were calculated from the arteriovenous differences in oxygen and acetylene contents and the flow rate of perfusion.
Placentas of 30 New Zealand white rabbits at a gestational age of 27 to 29 days were successfully perfused. Term in rabbit is 30 to 31 days. Excluded from the study were those perfusions in which leaks developed in excess of 5% of the perfusion rate, which showed a steadily rising arterial pressure at constant rate of perfusion (due to insufficient filtering of the inflowing blood), or in which we failed to cannulate both umbilical arteries and umbilical vein. The uptake of oxygen was measured in 20 rabbits; the loss of acetylene was measured in 7 of these. Placental oxygen consumptions were also measured in placentas, none of which had been exposed to acetylene. Umbilical arterial blood pressure, venous blood pressure, and rates of flow were measured in 5, 8, and 6 fetuses, respectively. Umbilical arterial and venous oxygen pressures were measured in 4 and 5 fetuses respectively; uterine venous oxygen pressure and maternal arterial oxygen pressure were each measured in 2 animals; the latter was measured 13 times at different rates and depths of artificial ventilation. Twenty-three of the animals were pretreated with oral reserpine for 1 or 2 days (0.3 mg/kg body weight per day) in the expectation this would reduce vascular reactivity. The last 7 perfusions performed without reserpine pretreatment showed that the treatment did not affect oxygen transfer nor appreciably reduce vascular reactivity.
Anesthesia (pentobarbital 30 mg/kg iv) was given immediately before the experiment and maintained during the experiment by additional injections. The animal was hyperventilated by a respirator pump with a gas mixture of 5% carbon dioxide in oxygen to insure that the arterial oxygen saturation was 10035. The abdomen was CircnUtum Kutrcb, Vol. XIX, Oaokt 1966 opened and the animal was placed in a bath filled with saline solution at 39.1°C, the normal body temperature of a pregnant rabbit (10) . The composition of the saline solution was approximately that of mammalian extracellular fluid except that bicarbonate ion was replaced by chloride ion.
Two 5-cm squares of gauze were glued with Eastman 910 adhesive to the uterus. To prevent contraction of the uterus under the placenta, the uterus was slightly stretched and the gauze attached to die abdominal wall. The uterus was opened and the fetal membranes were clipped away. The umbilical vessels were bathed with a solution of 1 mg of nitroglycerine in 10 ml of isotonic saline, which produced visible vasodilation. The dilated vessels were fixed with a solution of 10% formaldehyde, which was dripped on the vessels and carefully washed off after application. After this procedure, the umbilical arteries were still expected to show good pulsations.
The following experiments were made on intact fetuses. The hydrostatic pressures in the umbilical vessels were measured with Statham pressure gauges, which were connected to a thin tygon tube filled with saline and with a 25-gauge needle mounted at the end. Zero pressures were set with the needle at the level of the placenta. The needles were inserted in the upstream direction and the pressures were recorded on the polygraph. Umbilical rates of blood flow were recorded by insertion of an 18-gauge needle attached to a tuberculin syringe without plunger into the umbilical vein toward die placenta. Collections of 0.2 ml of blood in the syringe were timed. All blood from the placenta flowed into the syringe, since the vessel fitted snugly around the needle. Visual checks were made to ascertain that no blood escaped past the needle into the fetus. The normal venous pressure in this vessel is about 6 mm Hg. The resistance to flow of the needle and syringe was about 4 mm Hg when blood flow was 2 ml/min, and the level of die blood in the syringe was about 2 to 3 cm above the level of the placenta. The disturbance of normal venous pressure was therefore negligible. In a few fetuses, oxygen tensions were measured in die umbilical vessels witii microelectrodes (Beckman #315780) inserted into the vessels. The electrodes totally obstructed the blood flow. However, as their 95$ response time is about 15 sec, it appears unlikely that die measured oxygen tensions were different from the real ones. We succeeded only twice in obtaining a measurement of the oxygen tension in the uterine vein. The electrodes tend to tear diese extremely diinwalled vessels and to produce large hemorrhages. Several attempts to cannulate tiiese veins directly or via the inferior caval vein failed. During the placental perfusion experiments, no samples could be obtained at all since the gauze that held the uterus in position obstructed access to the uterine veins.
In the placental perfusion experiments, the following procedures were used. The umbilical vessels were cannulated with sharp cut-off hypodermic needles mounted in thin tygon tubing. The umbilical arteries accommodated 20-gauge needles, and the vein an 18-gauge needle. The two arterial cannulations were performed while a flow rate of less than 0.5 ml of blood/ min was maintained. 2 (If venous pressure rose above about 15 mm Hg, leaks developed between the fetal and maternal circulations.) The fetus was removed from the preparation after cannulation of the umbilical vein. The placenta was at the level of the fluid in the animal bath and kept moist with warm saline. In experiments in which transfer of acetylene was measured, the placental surface was covered by a layer of white petroleum jelly since without this precaution more than 10% of the acetylene was lost through the exposed surface of the placenta.
In order to measure placental oxygen consumption after termination of the perfusion experiments, the maternal circulation to the placenta was occluded by a hemostat placed on the large ligament under the placenta. The effectiveness of this procedure was immediately apparent because all oxygen from the umbilical venous outflow disappeared. Oxygen was then admitted to the disc tonometer and oxygen tension arteriovenous difference across the placenta was measured.
-An initial perfusion with saline to wash out all fetal red cells destroyed the preparation and was therefore discontinued. The washed preparations failed to show any oxygen uptake.
Oxygen tensions were converted to oxygen contents and multiplied by the rate of umbilical blood flow to arrive at a value for the oxygen consumption of the placenta. The measurement was usually repeated at different rates of blood flow.
PERFUSION CIRCUIT
The perfusion circuit consisted of a disc tonometer, in which the blood was equilibrated with a gas of known composition, a constant flow pump (Sigmamotor model T8) and two electrode cuvettes in which the oxygen and carbon dioxide tensions and hydrostatic pressures were measured in the blood entering and leaving the placenta (Fig. 2) .
The circuit was filled with 100 ml of heparinized adult rabbit blood. The disc tonometer equilibrated the blood at room temperature with a gas mixture consisting of approximately 5% carbon dioxide in nitrogen saturated with water vapor. In some experiments 10 or 20% of the mixture was replaced by acetylene. Equilibration at room temperature reduced the rate at which the tonometer hemolyzed the red cells, and at 39.1°C produced a carbon dioxide pressure of about 40 to 50 mm Hg. The tonometer had sufficient capacity to keep the blood entering the placenta deoxygenated and at a constant carbon dioxide pressure. The blood was pumped through a cotton wool filter from the tonometer into the arterial electrode cuvette. 11 A coil made of 120 cm of thinwalled stainless steel tubing was submerged in the animal bath between the filter and the electrode cuvette in order to bring the temperature of the inflowing blood to 39.1°C, the temperature at which the oxygen and carbon dioxide pressures Diagram of the perfusion circuit viewed from above. Not shown are the electrodes and pressure gauges which are located in the electrode cuvettes, the recording equipment, and the rabbit. were measured with National Welding (type 9987100) electrodes. Tygon tubing with hypodermic needles at one end conducted the blood between the electrode cuvettes and the placenta. The blood returning from the placenta drained into a graduated cylinder outflow meter on the side of the tonometer. A stopcock between the flowmeter and the tonometer allowed timing of collections of blood. The inflow rate of the sigmamotor pump was recorded by a microswitch on the drive shaft of the pump connected to a cardiotachometer. The cardiotachometer reading was calibrated against the venous outflow meter before the experiment. The accuracy of this measurement was about 5%. The hydrostatic pressure of the blood flowing to and from the placentas was measured with Statham gauges. Zero pressure level was taken at the level of the placenta. After each experiment, the placenta was removed and the arterial and venous needles connected together. The resistance to flow was determined in this "short circuit" at various flows, and later subtracted from the total resistance to flow of the circuit and the placenta together to obtain the placental resistance. All measurements were recorded on an inkwriting Beckman-Offner Dynograph, except pH, which was measured at 39.1°C in blood samples taken from the circuit at regular intervals and injected into a Spinco Model 160 pH meter, and acetylene concentrations, which were measured in small (5 /iliter) samples taken at regular intervals and injected into a Wilkens 600 D gas chromatograph. Accuracy of the acetylene determination was ± 5%. The venous acetylene concentrations were expressed as percentages of the arterial acetylene concentrations.
The electrodes were calibrated before and after each experiment by pumping saline through the circuit from containers in which it had been equilibrated at 39.1°C with calibration gases from premixed tanks (usual composition about 0% O 2 , 8% CO;,, and 10% O 2 , 2% CO 2 , in nitrogen). Experimental accuracies were ± 2 mm Po 2 and ± 2 mm Pco 2 .
CONVERSION OF OXYGEN TENSION INTO OXYGEN CONTENTS
Oxygen saturations were determined from the recorded oxygen pressures by reference to the oxygen dissociation curve of blood of New Zealand white rabbits (7) . Since the position of the dissociation curve depends on the pH and temperature of the blood, the observed oxygen tensions were corrected for pH and temperature (11) . According to Bartels and Harms (12) the correction factors for human blood (11) also CircuUiton RuMrcb, Vol. XIX, Oaobtr 1966 apply to rabbit blood. Rabbits normally have an average hematocrit of 41.5% and a hemoglobin content of 11.9 g/100 ml of blood (13), i.e., about 0.287 g of hemoglobin/100 ml per 1% hematocrit. Assuming the Hiiffner coefficient (1.34 ml of oxygen capacity/g of hemoglobin) to be valid for rabbit hemoglobin also, we arrived at the formula that the oxygen capacity is 0.38 volume percent per percent hematocrit (Hcrt) and that the oxygen content equals Sat-Hcrt-38 ml of oxygen STPD/100 ml of blood. The oxygen contents were adjusted for the amount of dissolved oxygen by addition of Po 2 . 0.00296 (ml of oxygen dissolved/100 ml of blood).
Results and Calculations
OXYGEN UPTAKE BY INTACT FETUSES
Some preliminary experiments were performed to establish the normal and maximal oxygen transfers to intact rabbit fetuses of 27 to 29 days gestation. These measurements served as standards against which the results of the placental perfusions were compared.
The results of these measurements are shown in Table 1 . The measured oxygen tensions agreed fairly well with those Barron and Battaglia calculated from measured oxygen saturations and the oxygen-hemoglobin dissociation curve of fetal rabbit blood. The two recorded values of the oxygen tension in the uterine vein were somewhat lower than those obtained by Barron and Battaglia (Table 1) . Since we used the mean of the latter figures in the calculation of the maximum oxygen delivery by the maternal blood stream, we have set the criteria for the intactness of the perfusion preparations too high rather than too low, as will be explained later.
From the umbilical flow rates in milliliters per minute per kilogram of fetal weight recorded in Table 1 (SEM 14.5%) and the average arteriovenous difference in oxygen contents published by Barron and Battaglia (7) (SEM 8%), it could be calculated that at a gestational age of 27 to 29 days the average oxygen uptake of a rabbit fetus is 5.0 ml/min per kg of fetal weight.
OXYGEN CONSUMPTION OF THE PLACENTA
The placental oxygen consumptions measured in the perfusion experiments in which the maternal circulation was occluded are tab- Table 2 . The oxygen consumption per 100 g of tissue of the rabbit placenta in situ (1.07, SEM 0.15 ml/min) is about two times higher than that of the human placenta in vitro (14) (15) (16) . It has been shown, however, that the oxygen consumption of minced tissues may be abnormally low (17) , so that no conclusions may be drawn from this difference between rabbit and human placentas.
The average rabbit placenta consumes about 2.0 ml of oxygen/kg of its fetus. Since the equivalent figure for the fetus is 5.0 ml, the total oxygen consumption of the conceptus is about 7.0 ml of oxygen/min per kg of fetus.
This oxygen consumption is achieved by a decrease in saturation from 95% in the maternal arterial blood to an average of 26% in the uterine vein (Table 1 ). In the experiments to be reported, the average maternal arterial oxygen tension was about 500 mm Hg. At the average maternal hematocrit of 39%, the amount of free oxygen dissolved at this pressure (1.48 ml/100 ml of blood) is just equal to the amount of oxygen necessary to increase the saturation by 10%. It is convenient, therefore, to assume a maternal arterial saturation of 110* in all our experiments, to allow for the amounts of dissolved oxygen.
If the maternal blood saturation were decreased from 110% to 0$ during one passage through the placenta, instead of from 95% to the usual 26%, the amount delivered would be 7.0.110/(95-26) = 11.2 ml of oxygen/min per kg of fetus. The placenta takes about 2.0 ml, so that about 9 ml would remain available. This is probably a slight overestimate, for the reason that the actual oxygen saturation in the uterine vein may be somewhat lower than the 26% assumed. Conversely, if under certain conditions of rate of perfusion the preparation yields the maximum of about 9 ml of oxygen/min per kg of fetus, one may assume that the oxygen tension and saturation in the uterine vein are very nearly zero.
According to these calculations, the placenta appears to consume more than 18% of all oxygen delivered to the placenta by the maternal blood stream. In the computation made later in this paper, the figure of 20% is used to allow for a slight overestimate in the figure of 11.2 ml of oxygen/min per kg of fetus calculated above.
TRANSFER OF OXYGEN ACROSS THE PLACENTA
The 20 perfusion experiments, from which oxygen recoveries were computed, were done with completely deoxygenated rabbit blood. The oxygen tensions in the umbilical vein showed large spontaneous fluctuations (Fig.  3) . These were almost certainly due to variations in maternal placental blood flow, since they were absent when the fetal circulation was perfused with oxygenated blood after oc- Spontaneous fluctuations in the oxygen pressure in the umbilical vein at various rates of umbilical blood flow. Oxygen tension of the blood in the umbilical artery was zero.
elusion of the maternal circulation. Oxygen tensions were recorded for periods that well exceeded the time necessary to establish a new steady state after a change in flow rate, i.e., about 20 min or longer. The oxygen tensions measured during the latter part of these periods were averaged. The measurements on intact fetuses (Table  1) showed that at flow rates of about 2 ml/ min, the driving blood pressure (A-V) is about 15.8 -6.3 = 9.5 mm Hg. The graph in Figure  4 shows that the perfused placentas demonstrated a driving pressure at a flow of 2 ml/min of 13.5 mm Hg (SEM 1.8). Precise pressure measurements were not made in all perfusions. By this criterion, at least the major portion of the placental vascular bed appeared to be perfused. Visual inspection of the placenta confirmed this. The maximum rate of oxygen recovery from the preparations approached the 9 ml of oxygen/min per kg of fetus calculated above (Fig. 5 ). This further suggested that the placentas were intact.
To calculate the values of T and R, the oxygen tensions or saturations in the uterine veins Umbilical arteriovenous blood pressure difference at various rates of flow.
Flow. ml /mm FIGURE 5
Oxygen uptake in milliliters per minute per kilogram fetus at various rates of umbilical perfusion. Oxygen tension in the umbilical artery blood was zero.
had to be known. As these could not be measured directly, an indirect approach was used. Mossman (18) established histologically that the parallel maternal and fetal vessels of the rabbit placenta are arranged as a countercurrent exchanger. This is fully compatible with the physiological measurements of Barron and Battaglia (7) , which showed that the oxygen tensions in the umbilical vein far exceed those in the uterine vein. In such exchangers, the transfer of oxygen from the maternal to the fetal blood can be complete, provided that: 1. The hemoglobin flow rate (in grams per minute) through the fetal vessels exceeds the hemoglobin flow rate through the maternal vessels. 2. The oxygen tension in the fetal arterial blood is zero.
No measurable diffusional limitations ex-
ist to the transfer of oxygen in the placenta. A rough calculation indicated that the first condition is likely to be satisfied if the rate of fetal blood flow is greater than 3 ml/min. The second condition was satisfied in our experiments, and the third will be shown to be approximately correct by a comparison of the Acetylene is much more easily transferred in a placenta than oxygen because it is not bound to hemoglobin. No stores of acetylene are available except the amounts free in solution. In terms of the analysis presented at the beginning, the / of oxygen is in the order of 100 and the / of acetylene is 1. Therefore, do., is about one one-hundredth of daret (see equations 4 and 9). We will calculate one apparent maternal placental blood flow (QoJ") based on the assumption that the oxygen tension in the uterine vein is zero at flow rates of perfusion greater than 3 ml/min and that the saturation in the uterine artery is 1.1. Thus: Qo.?' = 1.25 (rate of O± uptake by perfusion)I 02 content*". The factor 1.25 takes into account that onefifth of the oxygen delivered to the placenta is consumed by the placental tissues. A second apparent maternal blood flow will be calculated from the rate at which acetylene is lost from the perfusing blood, based on the assumption that the acetylene concentration in the uterine vein is equal to the one in the fetal artery at perfusion rates greater than 3 ml/min. Thus: Qacet ir = percent loss of acetylene from perfusion times rate of perfusion. If there are any measurable diffusional limitations to the transfer of acetylene, the rate of transfer of acetylene will far exceed that rate of transfer of oxygen; and Qo 2 i! will be more than 10 times less than Q a rr/'-If the two apparent flows can be shown to be equal, it may be assumed that diffusional limitations do not exist either for oxygen or for acetylene, that the apparent blood flows are real blood flows and that the oxygen tension in the uterine vein is very nearly zero at perfusion rates in excess of 3 ml/min. In 14 measurements in six preparations in which the rates of perfusion were greater than 3 ml/min (range 3.0 to 10.4 ml/min) the average Qo. 2 M was 3.15 ml/min and the average Qarct 31 was 3.23 ml/min. The SE of the mean difference of 0.08 ml/min was 0.20 ml/ min and the probability that the entire difference was due to random errors was 70$. There CircuUtum RtsMrcb, Vol. XIX, Oaokt, 1966 is more than 95$ confidence that Qu.. 11 is not more than 13$ less than Qactt* 1 -The apparent maternal blood flow calculated from the loss of acetylene is therefore the real maternal blood flow, and the apparent maternal blood flow calculated from the oxygen uptake is unlikely to underestimate the real maternal blood flow by more than 13$, if at all.
The average rate of maternal placental blood flow calculated from the results of all perfusions in which oxygen uptakes were measured at perfusion rates greater than 3 ml/ min was 2.38, SEM 0.17 ml/min per placenta. The difference between the figure for the whole group and that for the perfusions in which acetylene was used is mostly due to a difference in size of fetuses and placentas in the two groups. The maternal blood flows expressed per kilogram of fetal weight were 64 and 72 ml/min per kg, respectively. These figures represent the rates of the blood flow that exchanges with fetal vessels or provides the placental tissues. Any shunt flows that may exist in the maternal circulation are not included.
At very low rates of perfusion (1.05 to 2.45 ml/min), the average acetylene loss during one passage through the placenta was 86$. About 14$ of the perfused blood appears to have been shunted, if all acetylene was removed from the other 86$, which is a reasonable assumption at these low rates of flow. In sheep placentas perfused with plasma, an average fetal shunt of 19$ has been demonstrated (19) by a different method.
EVALUATION OF T AND R
According to the definition of R in equation 7, the maternal and fetal blood flows and the factors / (equation 4) need to be known to calculate R. The average maternal placental blood flow was calculated for each experiment from the maternal blood flows Qo 2 u , defined above, measured at perfusion rates in excess of 3 mm/min. This average flow was divided by 1.25 to remove the fraction of the maternal blood flow satisfying the oxygen requirements of the placental tissues from the calculation of H. The factors f and f" were calculated from the hematocrits and the half-saturation concentrations, which were obtained from the rabbit oxygen-hemoglobin dissociation curve (7) , after corrections had been applied for the pH of fetal and maternal bloods and for temperature. It was assumed that maternal rate of blood flow was the same at rates of perfusion below 3 ml/min.
According to equation 10, T is proportional to the rate of oxygen uptake, provided that the oxygen saturation of the bloods in the maternal and fetal arteries do not change and that the rate of maternal placental blood flow does not change. The latter condition has already been formulated, and the former was satisfied by the experimental methods. At the average rate of oxygen uptake recorded at the perfusion rates in excess of 3 ml/min in any one experiment, T was assumed to be 1 since at these flows all oxygen is removed from the maternal blood stream (Sat Uv = Sat Pa = O); therefore, T = 1 according to its definition (equation 6). At other recorded rates of oxygen uptake T was taken to be proportionally different.
The values of T and R thus calculated are shown in Figure 6 . Also shown in this figure are the four T-R points calculated from the saturation data on intact fetuses of 27 to 29 days gestation in reference 7. T was calculated from its definition (equation 6). R could be calculated from the formula: age oxygen gradients obtained by Bohr integrations of the four fetuses in reference 7 and by using equation 8, are 2.6, 3.6, 3.0 and 3.9 (average 3.3). It should be noted that these Bohr integrations were performed on the assumption that there were no shunts on either side of the rabbit placenta.
CONFIDENCE LIMITS OF T AND R
It was shown above that there is 95$ confidence that the rate of maternal placental blood flow as measured with acetylene is not more than 13? greater than the rate calculated on the basis of oxygen uptake. Since R was calculated from the rate of flow based on oxygen uptake, there is 95$ confidence that if there is an overestimate in R, it is not more than 13%. A similar argument would lead to the conclusion that there is 95$ confidence that an underestimate in R is not more than 8$, if it were not for the logical impossibility of the oxygen tension in the maternal vein being less than zero. R cannot be underestimated.
T was calculated on the assumption that the equilibration of oxygen between the maternal vein and the fetal artery was complete at high rates of perfusion (Sat* 1 * = Sat Fa = 0). It follows from the consideration that if the true quantity (Sat*"-Sat"") in equation 11 is 13$ less than its assumed value, the same quantity in equation 6 will cause the true T (11) which follows from equations 4 and 7.
Since the rabbit placenta is a countercurrent exchanger, its T-R diagram can be compared with that of the ideal countercurrent exchanger in Figure 1 . It should be taken into account that the values of R in the diagram of the rabbit placenta are approximately 14% too high, as that proportion of the perfusate seemed to bypass exchange with maternal vessels. If the R scale is reduced by that degree, the average T-R curve of the exchanging part of the rabbit placenta seems to coincide with the ideal curve at d = 10 in Figure 1 . The values of d, calculated from the published aver-to be 13$ lower than the T calculated on the basis of complete oxygen equilibration. The upper and lower 95$ confidence ratios of T are therefore 1.00 and 0.87, respectively.
These confidence limits of T and R are only those of the entire group of curves in Figure 6 . The individual scatter of T-R lines in this figure represents an additional degree of uncertainty, as indicated by the shaded area in the figure. Experimentally determined T-R diagram of the rabbit placenta. The white circles indicate T-R points calculated from data obtained on intact fetuses, published in reference 7. T = transr>ort fraction; R = flotv ratio. mensionless variables to describe diffusional transport depends on the validity of the assumptions listed at the beginning of this paper. The adequacy of some of these assumptions has been borne out by the successful use of similar dimensionless variables in heat exchanger design, as introduced by Nusselt (9) in 1911. But the assumptions peculiar to the placenta must be discussed.
The errors introduced by linearizing the oxygen-hemoglobin dissociation curve may be expected to be small in countercurrent exchangers. In a countercurrent exchanger, the maternal arterial blood is adjacent to the fetal venous blood and vice versa, so that two CircmUiion Rtsturcb, Vol. XIX, Oaobtr 1966 highly saturated hemoglobin solutions equilibrate against each other at one end of the placenta and two lowly saturated hemoglobin solutions at the other end. The oxygen gradients predicted by the two linear relations and predicted by the actual curves are almost the same, since the errors in the oxygen concentrations are in the same direction at the high ends of the maternal and fetal curves and also at the low ends.
In a hypothetical concurrent placenta, however, highly saturated maternal blood equilibrates against desaturated fetal blood. In this case, the gradient predicted from saturations by the linearized dissociation curve will be higher than the real gradient, since error at the low end of the fetal curve is added to the error at the high end of the maternal curve. In order to investigate the extent of this effect, a T-R diagram was calculated for a concurrent exchanger on the basis of sigmoid dissociation curves with a difference in fetal and maternal half-saturation pressures of 1.25 times. Fetal and maternal saturations were assumed and Bohr integrations performed by hand. Equations 8 and 9 yielded the value of do.,, and the definition of To 2 (equation 6) was used to find T. The assumed saturations were chosen in such a way that a number of integrations were made at each value of R. At these values the calculated ds were plotted against the calculated T"s. The T"s at d"s of 0.1, 0.3, 1.0, 3.0, and oo were obtained by curvilinear interpolation and plotted versus R in Figure 7 . It can be seen that a given pair of values of d and R no longer determines a unique T, but that T is still determined within a narrow range. Therefore, the T-R diagram is still almost equivalent to the raw data, in spite of the error in the assumption that the oxygen hemoglobin dissociation curve is linear. It can also be seen, however, that in the range where R ~ 1, the shape of the diagram is somewhat different from the T-R diagram of the same exchanger perfused with a linearly soluble solute, as depicted in Figure 1 .
The assumption that no diffusion relative to fluid transport takes place in the direction of the blood stream is clearly necessary, since in the case of infinitely fast diffusion in this direction, the concentration at the two ends of the vessel would be the same. All placentas, no matter what the actual arrangement of their vessels, would then obey the T-R diagram of double pool flow placentas. It is evident from a comparison of Figures 1 and 6 that rabbit placentas are not double pool flow placentas. 4 Fluid filtration across the barrier of the placenta is immeasurably small. Oxygen transport by this mechanism is likely to be 4 A calculation based on an approximate linear concentration gradient along the placental blood vessels showed that, in rabbits, the transport along the capillary by diffusion is only about one hundredth of the transport by bulk flow so that the concentration gradient along the vessel depends almost entirely on the latter form of transport-as assumed in the derivations. negligible. In the case of diffusion of nonh'pid-soluble substances, reevaluation of this transport mechanism will be necessary (20, 21) . The eighth assumption, that all parts of the placenta are equivalent, is merely a simplification used to compare the behavior of a placenta with the theoretical behavior of a simple exchanger (5) . Equations exist, however, for a great number of fairly inhomogeneous heat exchangers and these have been expressed (3) as a relation between the same three dimensionless variables used for simple exchangers, such as the ones whose behavior is shown in Figure 1 . The calculation of T and R from experimental data does not require an assumption regarding the vascular geometry of the placenta, except in the case that no samples can be obtained from one of the four vessels. The calculation of an absolute value of d would require an assumption regarding the geometry of the vessels, although experimental T-R curves can be made at known ratios of d without it if either Qu ^ jn c a n jjg var ied experimentally.
The comparison of the experimental T-R diagram with the T-R diagram of idealized countercurrent exchangers is misleading if no corrections are made for the oxygen consumption of the placenta. The fraction of the maternal flow rate satisfying the placental oxygen demands was therefore deleted in the calculation of R o .,. The value of do 2 will also be affected since the oxygen consumption of the placenta disturbs the gradient between the maternal and fetal bloods. However, since d On is experimentally determined from the relations between T o ,, and Ro 2 and the vascular geometry, the error in do 2 does not invalidate the prediction of Tc» o from Ro 2 or vice versa.
There remains a question regarding the accuracy of the T-R diagram. The dimensionless variables are more sensitive to experimental errors than the elementary variables of which they consist. This is particularly true of those variables which consist of one or more differences between two measured variables. This inaccuracy cannot be avoided in any experimental description of the properties CircmUsion Ristrcb. Vol. XIX, Ociobtr 1966 of the placenta as an exchanger, which depends on measured concentrations and rates of flow. However, the variability in the measured variables is only partly due to errors of measurement. Much of the variability can be ascribed to the variability in the rates of blood flow and the arterial concentrations provided by different fetuses and mothers. Since the relationships between T, R, and d are a property of the placenta alone, only that part of the variability in the measured variables that is due to experimental errors occurs in the derived relationships between the dimensionless variables.
Compared to the use of a modified Bohr integration (6-8) as a means to describe placental efficiency, the T-R diagram seems to offer two advantages:
1. It does not require any assumptions regarding the vascular geometry, but can be constructed from purely experimental data. 2. Once obtained, it can be used to predict transfers under different circumstances, for instance, a different rate of fetal blood flow, without requiring another laborious numerical approximation. This requires the use of equation 10.
OXYGEN UPTAKE AS A FUNCTION OF FETAL FLOW
Inspection of Figures 5 and 6 shows that oxygen uptake is already two-thirds of the maximum possible oxygen uptake at the normal rate of umbilical blood flow of about 2 ml/min or a normal R of about 1.3. Nearly maximum oxygen uptake is reached at about two times the normal fetal rate of placental blood flow. The normal fetus operates his placenta at a flow rate where the curvature of the T-R relation is maximal. An increase in fetal flow rate beyond normal effects only a small increase in oxygen recovery, whereas a decrease in fetal flow rate is followed by a proportional decrease in oxygen recovery. Fetal flow rate is thus ideally matched to the combined effects of the vascular structure and the permeability of the placenta.
This conclusion may not, however, be extended to the human placenta, as it is unlikely that the human placenta is functionally a countercurrent exchanger. Similar experiments performed on monkeys with a villous placenta would yield a T-R diagram that could be applied to the human placenta if the degree of fetal shunting of the placental vessels is about the same in the two species, and provided evidence could be adduced to show the doo values are approximately the same. Some idea of the behavior of the human placenta can be obtained, however, when published saturations and half-saturation pressures of the fetal and maternal bloods-measured at birth-are converted to To 2 and Ro 2 values and plotted. Figure 8 shows such a plot together with the results of some values from other species. Whether the low human and the even lower primate To n values are due to a low value of do* of the villous placenta (do, "= 1) or to a less advantageous vascular structure, or both, is not certain. This question could probably be decided on the basis of perfusion experiments in which oxygen uptake is compared to acetylene loss in villous placentas. Comparison with Figure 1 indicates that in either case an increase in fetal flow rate beyond the median value of about 0.7 Ro 2 will be more beneficial, and a decrease less disadvantageous, than in rabbits. Similar conclusions appear to hold a fortiori for sheep.
